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Alum sludge from a Tampa water treatment plant was found to 
significantly reduce phosphorus release from anaerobic bottom sedi-
ments. The kinetics of phosphorus uptake by the sludge was evalu-
ated in batch reactors. Further, the impact of the sludge on ben-
thic organisms was determined in aquarium systems. Aquariums were 
set up with sediments and organisms from various lake habitats. 
Organisms were allowed to establish themselves and then test aquaria 
were dosed with alum sludge to cover the sediments. Benthic sur-
vival and heavy metal uptake were evaluated. 
Favorable phosphorus uptake was demonstrated in the batch reac-
tors. The uptake kinetics were found to closely follow both Freund-
lich and Langmuir isotherms over a wide range of sludge dose and 
phosphorus concentrations. Benthic organisms typical of polluted 
environments were not adversely affected by the sludge additions. 
However, oligochaetes exposed to the sludge had elevated metal con-
centrations. Clean water organisms were somewhat less tolerant of 
the sludge and did not significantly concentrate heavy metals. 
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Phosphorus has been shown to be a critical nutrient for nui-
sance algal and plant growth in many lakes surveyed. It is gen-
erally the most limiting nutrient in water bodies because of its 
scarcity in relation to other major nutrients (U.S. EPA 1976a). 
Phosphorus in the water column is reused several times by biota 
before it is removed by sedimentation. As the particulate mater-
ial in the water column settles, it becomes part of the sediment. 
Phosphorus in the sediment should not be viewed as locked into 
fixed form or associations, but as part of a dynamic living sys-
tem. Sediment phosphorus content is generally highest near the 
sediment-water interface and decreases with depth as illustrated 
from sediment phosphorus profiles studied by Stewart (1976) in 
several Florida lakes. 
Under anaerobic conditions which usually exist in lake sedi-
ments, bacteria excrete large quantities of orthophosphate which 
may help to acconnt for its high concentration in the intersti-
tial water. In addition, the organic and inorganic acids that are 
formed during microbial activity can dissolve inorganic phosphate 
compounds present in sediments. Fillos and Swanson (1975) concluded 
that organic acids can act as chelating agents, complexing with 
calcium, iron, manganese and aluminum, resulting in the formation 
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of additional soluble phosphorus. This high con cent ration of 
soluble orthophosphate can now be recycled into the aquatic sys-
tem either directly or indirectly through absorption and release 
by phytoplankton and zooplankton. The importance of sediment 
microbial activity to the phosphorus cycle has been illustrated 
through studies by Hayes and Phillips (1958) and Fillos and Swanson 
(19 75) which have shown that the release rates of both total iron 
and orthophosphate were reduced and -delayed from sediments treated 
with an antibiotic. 
Phosphorus is often stoichiometrically limiting to phyto-
plankton in lakes (Sawyer 1947) and its desirable concentration 
for limiting growth is rather small, about 10 to 20 µg-P/1. Lake 
restoration projects will often attempt to reduce phosphorus input 
from external sources, however, their success depends on the rate 
of internal phosphorus recycled from the lake bottom sediments to 
the overlying lake water colunm. The potentially important role 
of the bottom sediments has been recognized for many years (Morti-
mer 1942; Hutchinson 1959). In many eutrophic lakes, the release 
of phosphorus from the sediments is a major factor in maintaining 
the water colunm phosphorus above desired levels. Marshall (1980) 
estimated that phosphorus released from Lake Eola bottom sedi-
ments _accounted for 50 percent of the phosphorus in the lake 
water column. Also, the phosphorus was mainly in the orthophos-
phate form which was available to algal growth. 
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In lakes experienc.ing significant internal loading of phos-
phorus from the sediments the physical or chemical treatment of 
the sediments may be warranted and specific sediment treatments 
can be applied. Nutrient inactivation through the use of chemical 
precipitants such as aluminum, iron or calcium is a relatively 
ne:w procedure in the treatment of lakes, reservoirs and other 
standing bodies of water. Aluminum sulfate was used to inacti-
vate lake phosphorus in the Netherlands, Sweden, Wisconsin, Wash-
ington and Ohio (Dunst et al. 1974; Peterson, Sanville, Stay 
and Powers 1974). Also, several other treatments including fly 
ash for nutrient inactivation were reported in literature (Funk and 
Gibbons 1979). 
This study is an extension of a research project by Yousef, 
Wanielista, Harper and Jellerson (1981) on inactivation of sedi-
ment phosphorus release. The ability of different types of water 
treatment plant sludges to prevent anaerobic sediment phosphorus 
. release was evaluated. Isolation chambers were constructed 
and placed in various locations in Lakes Jessup and Eola. Phos-
phorus release in control chambers was compared to that in cham-
bers treated with different sludge dosages. Favorable results with 
al.um sludge applications led to this research to determine the 
phosphorus uptake capability of the alum sludge, as well as pos-
sible impacts on sediment-dwelling organisms (benthos). 
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Objectives 
The specific objectives of this study were: (1) to eval-
uate the rate and extent of phosphorus uptake by alum-based water 
treatment plant sl.udge, (2) to utilize batch studies to generate 
models for predicting sludge dosages required to prevent lake 
sediment phosphorus release, and (3) to determine what impacts 
alum sludge applications will have on benthic organisms. 
An alum-based sludge from the City of Tampa, Hillsborough 
River Water Treatment Plant was utilized for initial in-lake 
studies by Yousef, et al. (1981) and for this research. Labora-
tory batch reactors were used to determine phosphorus uptake 
rates and capacity, as well as phosphorus and heavy metal release 
potential of the alum-based sludge. Additionally,. benthic impacts 
were conducted using laboratory aquariums containing lake sedi-
ments populated by various types of organisms. Some of the 




Eutrophication is the process of enrichment of lakes with 
plant nutrients and particulate matter which leads to increased 
biological production and decreased lake volume. The symptoms 
of eutrophication, such as excessive macrophytes, al.gal blooms, 
and fish kills, may result in greatly reduced recreational, mtmi-
cipal and industrial usage. 
The trophic status of lakes depends on productivity which 
is determined by nutrient availability. A basic chemic.al rela-
tionship describing the overall stoichiometry of the major plant 
nutrients has been described by McCarty (1970) as presented in 
the following formula: 









P represents an average stoichio-
metric incorporation, on a mole basis, of the elements C, H, O, 
N and P into plant cell material. This molar relationship may 
vary considerably depending on plant types and growth factors. 
However, it serves to demonstrate the relative importance of 
5 
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each of these elements. Based on this relationship, phosphorus 
accormts for approximately 1% of plant cell mass. 
Phosphorus Characterization 
Due to its low concentrations in the environment and its 
biological importance, phosphorus tends to be a major limiting 
nutrient in aquatic systems (Wetzel 1975; Kramer, Herbes and 
Allen 1972). Compounds of phosphorus play major roles in nearly 
all phases of metabolism, particularly in energy transformations 
associated with phosphorulation reactions in photosynthesis. 
Phosphorus is required in the synthesis of nucleotides, phospha-
tides, sugar phosphates, and other phosphorulated intermediate 
compounds (ADP, NADP, riboflavin phosphate, etc.). Phosphorus 
is also bonded, usually as an ester, in a number of low molecular 
weight enzymes and vitamins essential for algal metabolism (Man-
dalstam and McQuillen 1976; Wetzel 1975). Among the phosphorus 
containing compounds fotmd in natural waters, the inorganic phos-
phates are the most significant (Lung, Canale and Freedman 1976). 
-3 
These occur largely in the orthophosphate (Po4 ) or as condensed 
- -5 







-4 pyrophosphate (P 2o 7 ). The condensed phosphates are generally hy-
drolyzed in aqueous solutions and finally reve;rt to the ortho form 
(Hutchinson 1957; McCarty 1970). The distribution of the several 
ionic forms of orthophosphate or of the condensed phosphates in 
7 
solution is governed by pH. McCarty (1970) has shown that the ) 
dominant dissolved orthophosphate species ov·er the pH range o f 
- -2 
natural waters (pH 5-9) are H
2
Po4 and HPo4 . 
Phosphorus is generally released to the water., during active 
algal growth, as soluble inorganic phosphorus. These dissolved 
orthophosphates are readily assimilated by plants and other aquatic 
organisms, forming particulate organic phosphorus. During lysis 
and decomposition, most -algal phosphorus is in organic form and 
must undergo bacterial degradation before it is again available 
as orthophosphorus (Provasoli 1958; Krauss 1958; Wetz.el 1975 ). 
A schematic representation of the phosphorus cycle has be 1en give n 
by Campbell (19 7 7) as shown in Figure 1. 
Sediment-Water Phosphorus Exchange 
Lake sediments have been shown to adsorb phosphorus entering 
lakes and, therefore, act as a phosphorus sink (Zickler, Berger 
and Hasler 1956; Ku 1978; Bole and Allen 1978; El l iot 1978). 
Sediment phosphorus content of several Florida lakes has been 
shown by. Stewart (1976) to be highest near the sediment-water 
interface and to decrease with depth into the sediments. 
Although phosphorus tends to accumulate in bottom sedi ments, 
seasonal variations in chemical parameters of the overlying water 
can result in .sediment-phosphorus release. Specifically, low 
dissolved oxyg·en levels at the sediment-water interface, such as 
occurs during thermal stratification, can lead to phosphorus 
DECAY 
INDUSTRIAL PR,OCESSING 
Fig. 1. The Phosphorus Cycle (Campbell 1977) 
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release from the sediments (Mortimer 1942; Hutchinson 1957; 
Ltm.g et al. 1976). Sonzogni (1977) used large submerged cham-
bers to measure anaerobic sediment-phosphorus release rates aver-
aging 7 mg P/m2 /day. 
Thermal stratifica~ion develops during hot weather causing 
the zone in free circulation with the atmosphere to be confined 
to the surface layer or epilimnion. Below this zone a large 
temperature gradient exists. This thermocline tends to resist 
wind mixing and separates the epilimnion from the hypolimnion. 
The hypolinmion, then, is almost entirely isolated from the atmos-
phere and water movement is minimal. Bacterial decomposition 
of organic sediments causes a reduction in the concentration of 
dissolved oxygen in this region (Tucker 1957; Campbell 1977). 
Mortimer (1942) conducted extensive tests on the effect of 
reducing conditions on the release of plant nutrients from the 
sediments of lakes to the overlying water. These experiments 
were divided into two parts. The first part was simply a chemical 
and physical survey of water samples taken from the hypolimnion 
of shallow lakes. Observations by Mortimer indicated that changes 
in redox conditions, occurring at or near the sediment surface 
during deox:ygenation of the hypolinm.ion, are associated with and 
probably control changes in the rate of exchange of ions between 
the mud and water. 
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The seconJ part of Mortimer's study was designed to evaluate 
the effects of reducing conditions on sediment-phosphorus equili-
bria. For this study undisturbed sediment cores were isolated 
in tanks in the laboratory. The sediment-water interactions under 
anaerobic and aerobic conditions were then compared. It was con-
cluded from this study that when the dissolved oxygen is elimi-
nated at the sediment-water interface the phosphorus adsorbing 
influence of the mud surf ace (observed in the aerated tank) is 
removed. It was further suggested that the adsorbent properties 
of the oxidized mud surf ace are largely due to the presence of 
colloidal ferric complexes. The role of iron in sediment-water 
phosphorus exchange has been described by Theis and McCabe (1978a). 
In the epilimnecic layers of lakes, conditions of pH and oxygen 
concentrations are such that ferrous iron, Fe(II), is readily 
oxidized to ferric iron, Fe(III). The insoluble ferric iron 
then sediments in the hypolimnetic water layers. During anoxic 
conditions, Fe(III) is reduced to Fe(II) and bound phosphorus is 
released to the overlying water. 
Complex formation of Fe(III) and of Al(III) with orthophos-
phate is well established (Stumm 1962; Galal-Gorchev 1963; Hayes 
1964). The precipitation of soluble phosphorus by iron and 
aluminum is a function of pH. Iron and aluminum phosphates have 
minimum solubilities at pH 5 and pH 6, respectively. However, 
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for phosphorus sorption onto solid aluminum and ferric hydroxides 
there is generally an increase in uptake as pH is lowered (Stumm 
and Morgan 1970). 
In reviewing phosphorus sorption on surfaces, Stumm and 
Morgan (1970) refer to a study by Van Olphen (1963) describing 
phosphate adsorption on clay plate edges as chemisorption in-
1 . . f . . . f Al+ 3 . d PO - 3 vo ving speci ic interact ions o ions an · . 
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groups. 
This mechanism was supported by Hsu (1965) and by Valez and 
Blue (1971) who determined that adsorption of phosphate by soil 
is primarily chemical in nature and is related to aluminum 
and iron ions. In this view, phosphorus adsorption is a special 
case of precipitation in which surface metal ions form metal 
ion-phosphate bonds by reaction with solution species. 
Control of Eutrophication 
Sawyer (1966) has suggested that a major factor in the con-
trol of eutrophi<;ation depends on limiting the amount of nutrients 
entering a lake. Indeed, this must be considered the most de-
sirable long-term lake management technique. After evaluating 
the effects of varying levels of phosphate inputs, Sawyer recom-
mended the use of a limiting critical value of inorganic phos-
phates as a means of differentiating between nwell-behaved" and 
"nuisance" lakes. Well-behaved lakes were those whose inorganic 
12 
phosphorus content did not exceed 0.015 mg/liter at the time 
of spring overturn. This critical value is based on the study 
of seventeen lakes from only one region of the country and, 
therefore, should be viewed with caution. Nevertheless, water 
quality problems may apparently occur at low phosphorus concen-
trations. 
Nutrient Diversion 
Diversion of wastewater away from a lake that is being en-
riched by algal rutrients present in wastewater has had various 
degrees of success in delaying or reversing the process of 
eutrophication. Due to physical constraints such as availability 
of suitable receiving waters and expense, this approach may 
not be feasible. Edmondson (1970) found prompt and steady im-
provement on Lake Washington after a wastewater diversion program 
was initiated. However, Lake Samamish, located only 3 km east 
of Lake Washington, was not found to improve after initiation 
of a similar nutrient diversion project. Welch (1977) found 
that reduction in nutrient loading to Lake Samamish had no measur-
able impact on lake water concentration of total phosphorus and 
chlorophyll a, water transparency or hypolimnic oxygen deficit 
rate. 
Emery, Moon and Welch (1973) suggested that in many lakes the 
water nutrient levels are controlled by the sediments. Reduction 
of inputs, then, may not limit in-lake cycling of the nutrients 
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and the eutrophication process may continue. Cooke, Mccomas, Wal-
ler and Kennedy (1977) found that interna1 loading may delay the 
recovery of lakes to which external loading has been eliminated or 
reduced. They found evidence that up to 100% of the summer increase 
in phosphorus content of two small lakes was due to internal loading. 
Nutrient Removal 
Another widely used approach to lake restoration has been 
to remove the nutrients from the lake either by harvesting aquatic 
plants or by dredging the sediments from the lake. These methods 
are generally used in conjunction with nutrient diversion (George, 
Tobiesen and Snow 1979; McNab 1979). George et al. (1979) found 
that while dredging decreases the total amount of phosphorus in the 
lake, it does not prevent seasonal overturn and the associated 
phosphorus release. Indeed, Zicker et al. (1956) and Schindler 
(1977) found that turbulence tended to increase the release of 
phosphorus from the sediments. Therefore, dredging may increase 
the algal concentration of a lake. 
Bole and Allen (1978) studied the effect of harvesting Eura-
sian water milfoil on the phosphorus content of a lake. They 
found that phosphorus reduction would not be great enough to 
limit algal growth. However, Yount and Crossman (1970) found 
that by harvesting water hyacinth from artificial ponds over 
a period of time the plant productivity was reduced. The l ack 
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of continual nutrient inputs and water flow through in these 
artificial ponds mitigate the application of this study to 
natural systems, however. 
Reduction of Nutrient Availability 
Where nutrient diversion or removal are not considered viable 
treatment methods, means have been devised to decrease nutrient 
availability. These procedures include dilution, destratifica-
tion, hypolimnetic aeration, chemical precipitation of dissolved 
nutrients, and sealing of the sediments to prevent nutrient 
release. 
Dilution of a lake with water low in nutrients has only 
limited applications. Welch and Patmont (1979) reported that 
diversion of Columbia River water through Moses Lake greatly 
reduced growth of blue-green algae in the lake. 
Mechanical mixing and hypolimnetic aeration have both been 
used as methods to prevent sediment phosphorus release by main-
taining an aerobic environment at the mud-water interface 
(Lorenzen and Fast 1977). Ridley and Symons (1972) destrati-
fied by pumping water from the bottom to the surface. Aeration 
of the hypolimnion is intended to prevent the reduction of Fe(III) 
to Fe(II) and the associated phosphorus release (Speece 1971; 
Lorenzen, Haydock and Ginn 1979). While aeration of the hypolimnion 
has some effectiveness, there is a tendency for thermal destrati-
fication to occur (Lorenzen and Fast 1977). In addition, it may 
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increase the overall productivity of the lake by recycling back 
into the euphotic zone nutrients released during organic decompo-
sition (Speece 1971). 
The concept of nutrient inactivation in eutrophication con-
trol and lake restoration is essentially an extension of existing 
wastewater and water supply treatment methodology. Aluminum 
sulfate has been used in the clarification of water supplies and 
in the removal of phosphates from wastewater (Elliot 1978; Stepko 
1978). Al(III), Fe(III) and Ca(II) all react in water at various 
pH's to form a floe which may chemically bond or physically 
adsorb soluble phosphorus while also trapping organic phosphorus 
to some extent (Peterson et al. 1974). Of the three, Al(III) 
seems to be the most applicable to lakes, since Ca(II) is inef-
fective at removing phosphorus at pH's less than 9 and Fe(III) 
is undesirable since it is reduced to Fe (II) under anaerobic 
conditions, as previously discussed. Early attempts at nutrient 
inactivation in lakes by addition of alum have resulted in 
favorable changes in water quality. Alum application to the 
surface of Lake Langsjon, Sweden resulted in lowered phosphorus 
concentration and increased oxygen concentration in bottom waters 
and decreased phosphorus release from bottom sediments (Foehren-
b ach 1973). Similar treatment of a number of eutrophic lakes in 
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Wisconsin decreased phosphorus concentrations, increased trans-
parency and improved dissolved oxygen conditions (Peterson . et al. 
1974). Cooke, Heath, Kennedy and McComa.s (1978) used isolated 
colunms in West Twin Lake, Ohio to determine the extent: and the 
duration of phosphate inactivation by alum. They fotmd that the 
alum would retard sediment phosphorus release rates for extended 
periods of time. Mean total phosphorus concentrations in the 
controls increased from a low of 298 µg/l on day 32 to 390 µg/1 
on day 104. Mean total phosphorus concentration in the experimen-
tal colunms increased from 18 µg/1 on day 18 to 30 µg/l on day 
104. 'They concluded that the aluminum hydroxide layer was effec-
tive in controlling sediment phosphorus release under anoxic con-
ditions. 
Peterson et al. (1974) performed a number of laboratory 
and field tests designed to evaluate the suitability of a number 
of phosphorus inactivants for use in natural waters. In all, 
nine mat,erials were screened, consisting of eight metal salts and 
a crude wast,e product from a zirconium refinery. The metal salts 
were zirconium tetrachloride, zirconyl chloride, sodium aluminate, 
aluminum sulfate (alum), lanthanum rare earth chloride, lanthanum 
rare earth carbonate, sodium tungstate, and titaniuin sulfate. 
The salts of lanthanum, zirconium and aluminum were found 
to effectively remove phosphorus from laboratory growth medium 
and natural pond water, with resulting depression of algal pro .... 
duction. Zirconium and lanthanum rare earth mixtures exhibited 
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optimum performance within pH ranges commonly encountered in 
eutrophic lakes, whereas optimum phosphorus removal by alum was 
at lower and narrower pH range. Toxicity studies using salmonid 
fish and cladocerans revealed severe detrimental effects only 
with lanthium rare earth chloride, however, this was thought 
to be due to some impurities rather than the lanthanum. 
Higgins (1976) and Theis and McCabe (1978b) experimented 
with the use of fly ash, a by-product of coal combustion, as a 
sediment sealant. They found that fly ash is effective in re-
ducing sediment phosphorus release for two reasons: formation 
of a physical barrier and changes in the chemical properties of 
the ash-sediment material. They also noted a buildup of a detri-
tal layer above the fly ash and suggested some supplementary 
action was needed to control the production of primary producers. 
Such controls would either be addition of a phosphorus inacti-
vant such as alum or treatment with an algicide, prior to sealing, 
to remove nutrients from the water. Theis and McCabe (1978b) 
further suggested studies be done to evaluate the effects of 
phosphorus inactivants and sediment sealants on benthic organisms. 
Benthic Organisms 
The physical and chemical nature of the sediment and over-
lying lake water determines what types of benthic organisms will 
be present. Organisms must tolerate or avoid man-made environmental 
changes to survive. A number of studies have been made to evaluate 
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the pollutional tolerance of dominant benthic species. Gaufin 
{1958) classified benthos inhabiting a stream on the basis of 
species tolerance to pollution from sewage outfalls. This study 
and others (Bartsch 1948; Gaufin and Tarzwell 1952, 1956; Sur-
ber 1953; Jonassen 1969) based pollution tolerance on the ability 
of an organism to exist under low dissolved oxygen conditions 
(DO less than 40% of saturation). These pollution tolerant 
organisms include sludge worms, Tubi£ex sp. and Linmodrilus sp .. ;. 
pulmonate snails, Phys a integra; rattail maggots, Eristalis bas-
tardi; mosquitoes, Culex pipens; midge larvae, Chironomus riparius ;. 
and leeches, Macrobdella sp. Clean-water organisms intolerant of 
pollutional conditions are generally gill-breathing forms such 
as mayflies, stoneflies, caddis flies, and alderflies .. Gill-
breathing forms tend to be indicative of clean water (DO greater 
than 75% of saturation) and their abs ·ence denotes the presence 
of pollution and/or low oxygen conditions. 
Organisms found in moderately polluted waters (DO of 40-75% 
of saturation) include a variety of invertebrates. Among these 
are blackfly larvae and pupae, dragonfly nymphs, midge larvae and 
pupae, sowbugs and scud. 
In general, it has been found that the variety of organisms 
inhabiting bottom sediments decr·eases under stressed conditions .. 
That is, as an area becomes polluted or as the oxygen concentra-
tion decreases, fewer kinds of organisms will be able to survive. 
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It is connnon to find a large mnnher of species with few indi-
viduals of each in clean water and few species with many indi-
viduals in eutrophic waters (Gaufin 1973). Such conditions 
should not be considered. absolute indicators of pollutional 
conditions, however, since oligotrophic lakes can naturally 
contain few species (Osborne, Wanielista and Yousef 1976). A 
more reliable indication of lake degradation is the reduction 
or extinction of formerly-present populations of benthic organisms 
(Gaufin and Tarzwell 1952). 
The survival of benthic organisms under eutrophic conditions 
depends on the ability to obtain oxygen and food. Tubificids 
burrow headfirst into sediments leaving their posterior ends, 
containing respiratory structures, waving in the water. Hemo-
globin of the tubificids can be loaded at oxygen concentrations 
to about 15% of saturation. This enables tubificids to survive 
to a critical oxygen level of 10-15% of saturation (Wetzel 1975). 
Water movement enhances tubificid survival under low DO condi~ 
tions with very high population densities occurring in polluted 
stream beds (Bartsch 1948). 
Tubificids derive most, if not all, of their nutrition from 
bacteria and competition among tubificid species is avoided by 
selective digestion (Brinkhurst 1974). The worms ingest large 
volumes of sediment continuously in order to extract the small 
fraction of nutrient material present (Brink.burst and Cook 1974). 
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In a study of tubificid burrowing habits, Davis (1974) found that 
they can hurrow as deep as 0 .5 m with 95% inhabiting the upper 
16 cm of sediments. This study also demonstrated that sediment 
displacement by tubificid feeding can significantly affect 
sediment stratification. The overall effect of the tubificid 
worms is a loosening and mixing of the sediments. 
The ability of chironomids. to survive under low dissolved 
oxygen conditions is due to a hemoglobin which functions in the 
transport and storage of oxygen. Other aquatic insect forms such 
as the mosquito larvae, migrate vertically to obtain oxygen from 
surface waters and return to deeper anaerobic areas (Myslinski 
and Ginsburg 1977). 
Most aquatic insects tend to be non-selective in their food 
habits with herbiverous and carniverous forms represented. Blood 
worms (Chironomus sp.) are burrowers with food habits similar to 
that of the tubificids. However, they are generally more exacting 
in their habitat requirements (Bartsch 1948). Provost (1958) 
found that Florida lakes receiving sewage influents had higher 
chi.ronomid populations than did clean lakes. 
Most leeches can withstand anaerobic conditions for long 
periods and are little restricted by temporary low oxygen levels. 
The abundance of leeches in pollutional zones is probably a re-
sponse to an enriched food supply which is predominantly aquatic 
oligochaetes and dipterian larvae (Sawyer 1974). 
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Gill breathi.ng organisms are restricted by low dissolved 
oxygen levels associated with organic pollution. Amphipods such 
as freshwater shrimp and scuds breathe by passing oxygen-bearing 
water over gill structures. Usually, the presence or absence of 
these and insect orders which breathe by gills is indicative of 
the trophic status of a body of water (Gaufin 1973). 
Benthic organisms, especially those which burrow in the sedi-
ments;. have been found to accumulate heavy metals. Mathis and 
Cumniings (1973) found that bottom sediments act as a sink for most 
heavy metals and that tubificids tend to accumulate metals more 
th.an other benth.ic organisms. Of the six metals examined (Cu, 
Ni, Cr, Li, Co and Cd) , copp,er was the most readily accumulated 
and was formd to occur at higher concentrations in the worms than 
in the sediments. 
These studies indicate that tubificids can t ,olerate high 
levels of certain heavy metals. It was further suggested that 
tubificids can be used in field surveys of heavy metals both as 
monitoring tools and possibly as indicators of heavy metal pollu-
tion. Patrick and Loutit (1978) found that tmder laboratory con-
ditions bacteria accumulated metals from sediments and worms in-
jesting the bacteria then became c.ontaminated. Further, higher 
metal concentrations were fotmd in fish eating contaminated tubi-
ficids than fish not exposed to metals. Th.is study and others 
(Forstner and Wittman 1979) have demonstrated that only small 
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amounts of the benthic metal content is passed on to higher organ-
isms. Mathis and Cummings (1973) found that the metal content 
of aquatic organisms decre~sed up through the food chain. Worms 
were found to have the high.est met ,al concentrations and fish the 
lowest on the basis of µg metal per unit mass of organism. It 
was determined that if fish are contaminated they must receive 
the major portion of their metal content from the water. 
CHAPTER III 
METHODOLOGY 
An alum-based water treatment plant sludge was evaluated for 
use as a lake sediment inactivant for anaerobic phosphorus re-
lease. Physical and chemical analyses and phosphorus removal 
and retention capacity of the sludge were determined. Water qual-
ity responses to sludge applications were evaluated. Also, im-
pacts on benthic organisms were examined. Experimental methods 
are described in this chapter. 
Alum Sludge 
The alum-based sludge was obtained from the City of Tampa, 
Hillsborough River Water Treatment Plant. The sludge was trans-
ported from Tampa to Orlando in plastic buckets for analysis in 
the laboratory and use in experimentation. The laboratory analy-
sis of the sludge included moisture content, particle s .ize dis-
tribution, leachable heavy metals and chemical composition. 
These analyses were performed using Standard Methods for Examin-
ation of Water and Wastewater, 1975. 
Moisture content of the sludge was measured by determining 
the percent weight loss after oven drying of known samples at 
103° C to a constant weight. Organic content was estimated 
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as the percent loss of the oven dried sludge upon ashing at 550° C 
for 30 minutes. 
Grain size analyses followed the procedure outlined by Bowl es 
(1970). A representative sample of the sludge was oven dried and 
then pulverized using a mortar and pestle. The partic.le size 
distribution was then determined by passing the sample through 
a series of U.S. Standard Sieves (No. 20-No. 400). The dry 
sludge was placed on the top of a stack of six sieves and agitated 
on a mechanical shaker for five minutes. 
Heavy metal content in sludge sampl.es was analyzed using a 
Spectrometrics Incorporated Spectrospan I.II Plasma Emission Spec-
trophotometer. Oven-dried samples of known weight were digested 
in a solution of 100 ml water and 2 ml nitric acid. The water 
used was glass-distilled and then deionized using a Barnstead Nano-
pure deionizing system. This solution was heated to near boiling 
in a covered beaker for six hours, then filtered through a 0.45 
micron glass fiber filter. The sample was then concentrated to 
a volume of approximately 10 ml by evaporation. Next, the sample 
was brought up to 20 ml with deionized water and stored in a 
covered polypropylene container until measurement. All glassware 
used in metal determination was acid-washed before each use with 




All phosphorus concentrations were analyzed using the ascor-
hic acid procedure (Standard Methods 1975). Dissolved orthophos-
phorus was measured using this technique on samples filtered through 
Wh.atman GF/A filters. Total orthophosphorus, which gives an in-
dication of phosphorus which is loosely bolll1.d to small particles 
may become available as dissolved orthophosphorus, was deter-
mined by applying the ascorbic acid technique to an unfiltered 
sample. Total phosphorus was measured on a sample which was 
first acidified and digested by persulfate digestion. Heavy metal 
analyses were performed on concentrated samples using a Spectro-
metrics Incorporated Spectrospan III Plasma Emission Spectropho-
tometer. Determinations of pH were :performed with a Corning Model 
12 Research pH m?ter equipped with a temperature compensation 
probe. Turbidity was measured with an H.F. Instruments Model 
DRT-lSO Nephelometric Turbidimeter. Dissolved oxygen was measured 
with a YSI Model 54-A dissolved oxygen meter. Alkalinity was de-
termined potentiometrically by titration with a standard sulfuric 
acid solution to a pH of 4. 3. Ammonia-nitrogen was measured on 
a 10 ml sample using the phenate method as described in Standard _ 
Methods (1975). Nitrite-nitrogen was determined using the diazo-




The ability of the alum sludge to prevent phosphorus release 
from anaerobic lake sediments was evaluated in Lakes Eola and 
Jessup. Submerged chambers were used to isolate a portion of 
the bottom sediments and overly~ng water colUlllll and provide a 
controlled anaerobic environment. These chambers were constructed 
from heavy duty 200 liter polyethylene chambers obtained from 
Rotocast Plastic Products, Inc., of Miami, Florida. 
Each isolation chamber was 80 cm in height with a diameter 
of 56 cm. All tanks were painted on the outside with a semi-
gloss black alky enamel to prevent light penetration and subse-
quent photosynthetic activity. Chambers were placed inverted 
on the lake bottom, isolating 0.25 square meters of surface area. 
Two 20 cm x 20 cm concrete blocks were affixed to the outside of 
each chamber providing additional weight to insure that the tanks 
maintained a leakproof seal on the lake bottom as well as pro-
viding a large protrusion which tended to regulate settling of 
the tanks in loose sediment. Alum sludge additions were accom-
plished through a 3/4 inch diameter tygon tube which extended 
from the top of each tank to the water surface in the lake. The 
tubing was connected on the top of the tank to an inverted 28 cm 
diameter polyethylene ftmnel . which was inserted through the cen-
ter of the tank with the small end protruding outside the tank and 
the large end inside the tank. A diffuser was constructed from 
a plastic disk containing several hundred 6.0 mm diameter holes 
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which was cemented to the large end of the funnel to insure that 
chemical inactivants were distributed evenly over the sediment 
bottom. Visual laboratory observations of sludge additions through 
these funnels in clear pl1exiglass t anks indicated that dispersion 
was relatively uniform. Two 60 nnn linear polyeth..ylene elbows were 
threaded into each tank 30 cm £rom the bottom and 15 cm from the 
top to act as sampling ports. Tygon tubing was attached to ,each 
elbow and ex.tended to the water surface where it was supported 
by a buoy. In situ measurements .indicat 1ed that each tank settl,ed 
approximately 15 cm into the sediment making the lower sampling 
port approximately 15 cm above the sediment water interface., 
Also, each tank isolated a volume o .f lake water averaging 150 
liters. One-way gas valves were also cemented into the top of 
each tank :to allow for excess gas release. A typical isolation 
chamber installation is shown in -Figure 2. 
Samples were collected from the surf ace tubes using a peri-
staltic pump operating at a very low flow rate to minimize agita-
ti.on and atmospheri<:: gas exchange within the samples. Approx-
imately 300-400 ml of sample was initially pumped from each tube 
to purge the tubes of any contaminated water and to mak 1e sure 
that the water which was co.llected actual.ly crune from inside the 
chamber. Samples from the top and bottom ports were combined in 
equal volumes inside a 500 ml amber linear pulyethyl,ene hottle to 
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LAKE EOLA 'SEDIMENT 
Typical isolation chamber 
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Experimental Procedures 
Isolation chambers were transported to an area of each lake 
in which water depth was approximately 3-4 meters. Installing 
the chambers at this depth insured that a flocculent type of sedi-
ment could be found and it could be reasonably assumed that the 
area experienced anoxic conditions at least part of the year. 
Visual inspections of each tank could also be conducted with 
simple skindiving equipment rather than requiring more sophisti-
cated scuba gear. Chambers were carefully lowered to the lake 
bottom usi:ng the 3/4 inch tubing attached to the inverted funnel. 
Excess air trapped inside the tanks was allowed to escape through 
the one-way air valve. Each tank was physically inspected on the 
lake bottom to verify that it was upright and that none of the 
sample tubes had become tangled. When each tank was properly posi-
tioned, an initial sample was drawn so that physical-chemical 
conditions before inactivant additions. could be documented. All 
tanks in each lake were placed in a cluster comprising a circle 
with a diameter of approximately 15 meters. 
After the initial samples, alum sludges were added to each 
tank by way of the 3/4 inch tubing. All dosages were suspended 
i:n 4 liters of lake water and poured doiwn the large tubing. Addi-
tions were followed by approximately 10 liters of lake water to 
wash all the sludge from the tuning into the isolation chambers, 
and to provide some mixing by agitation inside the tank. The large 
diameter· tubing was tfLen capped· with a tight fitting rubber stopper. 
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The alum sludge, obtained from the City of Tampa, Hills-
borough River Water Treatment Plant, was added to isolation cham-
bers at varying dosages in both wet and dry form. The experimen-
tal concentrations used have been described in detail by Yousef 
et aL (1981). Dosages were selected to provide a fairly uni-
form floe layer approximately 1.0 mm thick covering the contained 
bottom sediments inside the isolation chambers. Dosages were 
varied in Lake Jessup isolation chambers to evaluate optimum 
dosage requirements. 
Phosphorus Uptake 
Phosphorus uptake studies were designed using batch reactors 
to invest.igate the sorption capacity of the alum sludge. Phos-
phorus solutions for the sorption studies were made by dissolving 
:£SHP04 in deionized water. The alum sludge used was oven dried 
and pulverized. 
An experiment was designed to determine the time dependence 
of phosphorus uptake by the alum sludge. Two plastic jars con-
taining two liters each of 100 mg P/l phosphorus solution were 
dosed with 10 grams alum sludge (5 g/l). A third reactor contain-
ing 100 mg P /l received no sludge and served as a control. The 
reactors were agitated on an Eberbach table shaker, traveling 
approximately 4.0 cm each direction at a speed of nearly 100 cy-
cles per minute, to keep the sludge in suspension. The phosphorus 
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concentrations were measured at various time· intervals after 
slU;dge addition. 
Another experiment was designed to determine the phosphorus 
uptake capacity of the sludge. Two sets of 400 ml plastic jars 
-were used as batch reactors. The first set consisted of seven 
reactors each containing 2500 mg/1 sludge and various phosphorus 
solutions of 10, 20, SO, 100, 200, 600 and 1200 mg phosphorus per 
liter. The second set had six reactors, each containing 4.5 mg 
P/l received various sludge doses of 25, 100, 200, 625, 1500 and 
2500 milligrams dry sludge per liter. These reactors were all 
agitated for seven days, then the dissolved orthophosphorus of 
each was determined. Values for the uptake of phosphorus per 
unit weight of sludge were calculated and correlated with equili-
brium concentrations to develop sorption isotherms. 
Release Studies 
The potential for the alum sludge to release orthophosphorus 
and heavy metals into solution over the pH range from 5-8 was 
examined in laboratory batch reactors. Each reactor, containing 
200 ml deionized water was dosed with 2500 mg of wet or dry sludge 
per liter on a dry weight basis and adjusted to the proper pH by 
dilute ~so4 • The initial pH of reactors after sludge additions 
were 8.0 and 7.8 for oven dried and wet sludge, respectively. The 
wet slU:dge used had a moisture content of 59.4%. Reactors dosed 
with dry alum sludge were agitated for three days. Samples were 
taken at time intervals of l hr, 6 hrs, 1 day and 3 days after 
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sludge addition. The pH was adjusted hourly for the first six 
hours with three adjustments made in the first hour. Thereafter, 
the pH was adjusted at least every 8 hours and was maintained 
within + 0.2 units of the proper value for at least 4 hours prior 
to sampling. At each sample time the contents of duplicate 
reactors at each pH (5, 6.5 and 8) were separately filtered 
through pre-washed 0.45 micron glass fiber filters. Samples of 
50 ml and 100 ml were used for determination of dissolved ortho-
phosphorus and heavy metal concentrations, respectively. The 
phosphorus concentrations in the reactors containing wet alum 
sludge were measured after six hours contact time at each pH (5, 
6.5 and 7.8). The pH was checked and adjusted every 30 minutes 
to ensure that it remained within+ 0.2 units of the desired value. 
Benthic Impact Study 
The ability of benthic o.rganisms to tolerate alum sludge ap-
plications is essential in determining its suitability for use in 
natural lake systems. For this reason, a study was designed to 
determine if various sediment-dwelling organisms would survive 
alum sludge applications, and to evaluate heavy metal uptake by 
organisms exposed to the sludge. The general methodology used 
in thi..s study followed procedures outlined in a report by the 
Environmental Protection Agency/Corp of Engineers Technical Com-
mittee on criteria for dredged and fill material (Swartz, DeBen 
and Cole 1977) • 
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Organisms evaluated in this study were chos,en on t h e basis 
of habitat and were limited to those retained on a U.S. standard 
No. 30 (0.595 nnn) sieve (Standard Methods 1975). Henthic popula-
tions of Lakes Eola, Jessup and Lee in Central Florida were sur-
veyed. 
Lakes Eola and Jessup have been described in some detail by 
Yousef et al. (1980). Brief1y, Lake Eola is a small land-locked 
lake located in the heart of downtown Orlando. Nutrient and toxic 
additions from stormwater inputs have caused a severe ecological 
imbalance to develop. Persistent algal blooms exist virtually 
year round. With the exception of a sandy bottomed littoral zone , 
the bottom of the lake has become covered with an accumulation of 
loose flocculent partially decompos,ed organic matter. In areas 
near the center of the lake, this organic matter, subjected to 
long periods of anoxic and reducing conditions, has formed into 
sapropel, complete with the characteristic hydrogen sulfide smell. 
These sediments have been shown by Marshall (1980) to release as 
much as 250 mg of orthophosphorus per square meter when subjected 
to extended anoxic periods. 
Lake Jessup is a shallow hypereutrophi.c lake located in Semi-
nole County, Florida. The lake receives urban stormwater runoff 
from extensive areas ·of Central Florida as well as secondary sew-
age plant ,effluent (over 9 MGD) by way of several small streams 
and canals. Sediment material in the lake has developed into a 
loose flocculent "soup" which is. easily disturhed., The large 
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accumulation of partially decomposed organic matter in the sedi-
ments maintains a continual oxygen demand, and it seems reasonable 
that many portions of Lake Jessup exist in a constant anaerobic 
condition. 
The third lake surveyed was Lake Lee which is a small land-
locked lake located on an undeveloped portion of the University 
of Central Florida campus. This lake is relatively undisturbed 
but is sub}ect to stormwater runoff from some of the university 
park~ng lots. Lake Lee has a narrow shallow littoral region with 
,sandy sediments. The lake depth increases rapidly with distance 
from the shore (Figure 3). Deep areas of the lake have organic 
sediments. Physical characteristics of Lakes Eola, Jessup and 
Lee are listed in Table 1. 
Organisms from Lakes Eola and Lee were utilized in studies 
using standard 10-gallon (38.7 liters) all-glass aquariums 26 cm 
wide, SO cm long, and 29 cm deep. Rather than stock sterile sedi-
ments with specific benthic organisms, lake sediments containing 
natural populations were introduced to the aquariums. Sediments 
were collected from the lake bottoms using an Ekman grab (0. 25 
2 ft area). A sufficient quantity of sediments were collected to 
provide an adequate sediment depth in the aquariums.. More grabs 
were required from sandy shallow sediments than from deep organic 
sed:tments due to the limited penetration of the Ekman grab. Sed-
iments from each. sample site were mi.xed together and homogeneous 


































































































































































































































































water. Three separate aquarium tests were conducted using doses 
of 150, 590 and 860 grams of oven dry sludge per square meter. 
The sludge was added to the aquariums as a slurry of 300 ml vol-
UJne which settled uniformly over the sediments. The slurry was 
homogenized in a Warri.ng blender at ~igh speed for two minutes 
before it was added. 
Aquariums dosed with 150 and 860 grams sludge p·er square 
meter contained sediments obtained from shallow and deep areas 
of Lake Eola. For the test using doses of 150 grams sludge per 
square meter, nine Ekman grabs were collected from like areas of 
2.0 me.ters depth. These sandy sediments were combined and mixed 
to form a uniform sample. Equal aliquots were then added to each 
of eight aquariums to provide a sediment layer of approximately 
40 nnn depth. These highly organic sediments were mixed and equal 
portions added to each of eight aquariums to provide a sediment 
layer of approximately 50 nn:n depth. All sixteen aquariums were 
then ·filled with Lake Eola water and allowed to settle for 24 
hours. After settling, an alum sludge dose of 150 g/m2 was added 
to four aquariums of each sediment type, another four aquariums 
served as controls. These aquariums were monitored for changes 
in. pH and dissolved oxygen for a period of 16 days. 
This experiment was repeated us~g sediments from the same 
locati.ons i.n Lake Eola but dosed with 860 grams of dry sludge 
per square meter~ Twenty grab samples from 2.0 meters and 12 
grab samples from 6.0 meters were mixed and added to aquariums 
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to provide depths of approximately 48 mm and 70 nnn of sandy and 
organic sediments, respectively. After filling with Lake Eola 
water, all aquariums were allowed to settle for 48 hours prior 
to adding the sludge. These aquariums were monitored for changes 
in pH, dissolved oxygen and turbidity for a period of 30 days 
after sl~dge additions. 
A third aquarium study was conducted using Lake Lee sedi-
ments and a sludge dose of 490 grams dry sludge per square met 1er. 
Twenty-two Ekman. grab samples were taken from Lake Lee at a depth 
of 6.0 m. Thes,e were mixed and equal portions added to each of 
eight aquariums. These were allowed to settle for 4 days before 
2 addition of 490 grams oven dry sludge/m • Concentrations of 
dissolved and total phosphorus and total metals in the water was 
m:mitored for the 20-day duration of the test. 
At the termination of each test, the contents of all. aquar-
it.nns w.ere separately rinsed through a U.S. standard No. 30 s iev,e 
and the portion retained was examined for organisms. Only living 
organisms were counted since predation and decomposition can re-
duce the number of dead organisms (Swartz et al. 1977). The pop-
ulat:ions of organisms remaining in the test aquariums were compared 
to those of the controls by a 'T-test. Organisms rec.overed from 
the aquariums were stored in 70% ethanol prior to identification 
and preparation for heavy metal analysis . Pre-treatment of hen-
thic o.rgani.sms for heavy metal analysis was as previously described 
for the alum sludge analysis. Due to the low biomass of the 
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organisms, those recovered from all aquariums of each treat-
ment were consolidated to give a composite average ·when deter-
mining metal concentrations. 
CHAPTER IV 
EXPERIMENTAL RESULTS 
Data collected during the course of this study are presented 
in this chapter. R1esults of the physical and chemical analysis, 
phosphorus removal and retention capacity of the alum-based 
sludge are reported. Data on water quality respons,es to the alum 
sludge, and its impact on benthic organisms in laboratory aquar-
iums are presented. 
Alum Sludge 
The moi.sLure cun.tent and percent loss after ignition of the 
alum-based sludge from the City of Tampa,. Hillsborough River 
Water Treatment Plant averaged 89.0% and 45.8%, respectively. 
The chemical analysis of this sludge is presented in Table 2. 
The data given in this table represents an average of five sam-
ples tested. The alum sludge was found to contain more than 
20% by weight of aluminum. Iron and calcium content approxi-
mated 1% of the oven dry weight. 
Analysis of the grain sized distribution of the alum sludge 
was done by passing a 14 g sample through sieves having 841, 420, 
250, 105, 74 and 38 micron openings. As shown in Table 3, 1.3% 
by weight of the alum sludge had a particle size greater than 
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PARTICLE SIZE DISTRIBUTION OF ALUM SLUDGE 
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Water quality responses in submerged isolation chambers with 
and without alum sludge were measured at Lake Eola and Lake Jessup 
sites. The results are briefly presented here with detailed data 
available in Yousef et al. (1981). 
Lake Eola Site 
Initial water quality inside all Lake Eola isolation cham-
bers was essentially the same. The pH values ranged from 8.61 
to 8.73, turbidity ranged from 5.8 to 7.1 NTU's, specific conduc-
tance ranged from 166 to 181 mho's/cm and the alkalinity ranged 
from 97.1 to 98.8 mg/las Caco3 . Also, the initial concentrations 
of ammonia, nitrite and nitrate as well as dissolved orthophos-
phorus, total orthophosphorus and total phosphorus were similar 
inside all chambers on December 26, 1979, the starting date of 
incubation. The initial dissolved orthophosphorus, total ortho-
phosphorus and total phosphorus concentration ranged from 3 to 5, 
17 to 26, and 64 to 73 µg-P/1, respectively. Also, data on 
water quality characteristics in the open lake adjacent to the 
isolation chamber's site showed that the ranges during the en-
tire sampling period for dissolved oxygen, pH, specific conduc-
tance, turbidity and alkalinity were 9.3 - 12.7 mg/l, 8.46 - 8.97 
pH units, 182 - 230 µmho/cm, 4.6 - 6.7 NTU, and 88.4 - 103.8 
mg/l as Caco3 , respectively. The annnonia, nitrite and nitrate 
nitrogen varied from 9.7 to 327, below detection limit to 7.3, 
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and below detection limit to 82.1 µg-N/l, respectively. Also, 
dissolved orthophosphorus, total orthophosphorus and total phos-
phorus in Lake Eola varied from below detection limits to 5, 10 
to 18, and 46 to 70 µg/1-P, respectively. 
The dissolved oxygen concentration inside the isolation cham-
bers dropped from an initial value averaging 11.2 mg/l to approx-
imately 1.0 mg/l in the first seven days of incubation. Also, 
the. dissolved oxygen (DO) uptake rate during the first seven 
2 days averaged 874 mg/m /day. This uptake rate includes dissolved 
oxygen reduction due to respiration of suspended algae, oxida-
tion of organic suspended matter, and benthic demand. 
The pH values in the control chamber dropped from the ini-
tial value of 8.72 to 7.0 after seven days of incubation followed 
by a slow decline to 6.81 after 140 days. The chamber dosed with 
oven dry alum sludge had a pH drop from 8.68 to 7.26 after seven 
days followed by a slight increase. The chamber which received 
the wet alum sludge had pH values similar to the control. 
Specific conductance of water in the isolation chambers ranged 
from 166-183 µmho/cm before addition of sludges. One day after 
addition the values ranged from 221-227 µmho/cm. However, the 
control chamber had an increase in specific conductance from 
183-214 µmho/cm the first day. The specific conductance of all 
isolation chambers exhibited a gradual increase with time. 
Alkalinity was found to increase with incubation time. 
The control alkalinity ranged from 97.3-120.4 mg/las Caco3 , 
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while chambers dosed with wet and dry alum sludge increased to 
134 . 0 and 131.0 mg/l, respectively, in 140 days of incubation. 
All alkalinity measurements were in the phenolphthalein range 
and the bicarbonate ions were the dominating species. 
Ammonia, nitrite and nitrate nitrogen were measured in all 
samples collected. Ammonia nitrogen concentrations increased 
gradually from 24.8-1972 µg-N/l in the control, 22.1-1728 µg-N/l 
in the dry sludge chamber and 32.7-1789 µg-N/l in the wet sludge 
chamber. Nitrite nitrogen concentrations were small in all cham-
bers ranging from 1.0-17 .6 µg-N/l. Nitrate concentrations ran.ged 
from below detection limits to 165 µg-N/1 with no significant 
differences between the control and test chambers. 
Filterable orthophosphorus, total orthophosphorus and total 
phosphorus were measured in all samples collected (Yousef, et 
al. 1981). The filterable orthophosphorus, which is readily 
available to microorganisms, showed concentrations from below 
detectable limits to 18 µg-P/l in the open lake. The control 
isolation chamber had increases in phosphorus levels of 1.0-230 
µg-P/l for filterable orthophosphorus, 13-218 µg-P/l for total 
orthophosphorus,, and 62-168 µg-P/l for total phosphorus after 
104 days of incubation. For the same period, phosphorus conc.en-
trations in test chambers changed from 3-6 µg-P/l, 17-12 µg-P/l, 
and 70-13 µg-P/l for dissolved orthophosphorus, total orthophos-
phorus and total phosphorus, respectively, in the chamber dosed 
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with wet sludge. The chamber which received a dose of dry alum 
sludge responded similarly. The effects of the alum sludge on 
orthophosphorus concentrations are exhibited graphically in 
Figure 4. 
Lake Jessup Site 
Water quality measurements inside isolation chambers initially 
placed in Lake Jessup have been presented in detail by Yousef, et 
al. (1981). The duration of these measurements was shorter than 
desired since the chambers were displaced and the experimental 
integrity upset. As in the Lake Eola experiment the chamber 
dosed with wet alum sludge had lower phosphorus concentrations 
than both the control chamber and the open lake. 
Optimum Sludge Dose 
Six isolation chambers placed in Lake Jessup were dosed with 
0, 27.5, 55, 110, 220 and 440 grams of wet sludge. These dosages 
are the equivalent of 0, 12.1, 24.2, 48.4, 96.8 and 193.6 grams 
dry sludge per square meter of bottom sediments. Water quality 
responses for the duration of this experiment showed the general 
trends observed in the previous experiments (Yousef et al. 1981). 
The pH values and turbidity levels generally decreased, while 
specific conductance and annnonia nitrogen increased with incuba-
tion time under anoxic conditions. Phosphorus concentrations 

























































































































































































mg/l for all forms measured. Chambers dosed with alum sludge 
generally had decreasing phosphorus concentrations with increasing 
sludge dose. It was apparent that alum sludge retained phosphorus 
released from the bottom sediments and could also retain the phos-
phorus associated with the overlying water column. 
Heavy Metals 
Dissolved fraction concentrations of Ca, Fe, Al, Pb, Ni, 
Cu, Zn, Cd and Cr were determined in water samples collected from 
Lakes Eola and Jessup open-lake and incubation chambers. Statis-
tical analysis of the heavy metal concentrations has been pre-
sented by Yousef et al. (1981). 
Samples collected from Lake Eola open-lake had slightly 
lower Ca concentrations (39.3 mg/l) than did the control chamber 
(44.3 mg/l) or those dosed with either wet or dry alum sludge 
(46.5 mg/land 42.9 mg/1, respectively). Chromium concentration~ 
on the other hand, were lower in the chambers than in the open 
lake. Other metals tested did not show any similar trends. 
Heavy metal concentrations .in Lake Jessup isolation cham-
bers did not appear to be affected by alum sludge additions. 
For all metals measured, the control chamber and those receiving 
various sludge doses had similar metal concentrations. 
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Phosphorus So!J)tion 
The uptake of phosphorus from solution by alum sludge after 
different contact times has been investigat,ed using batch exper-
iments. Ten grams of oven-dry alum sludge were added to plastic 
jars containing 2 liters phosphorus solution of 100 mg P/l con-
centration. The decline in phosphorus concentration with increas-
ing contact time is shown in Table 4. The rate of phosphorus 
uptake for each time increment !1C/b.t was calculated and varied 
between 1300 and 0. 6 mg-P /1-day as shown in Table 4 4 The lllit:ial 
uptake was more than 2000 times higher than the uptake a fter 10 












TIME DEPENDENCE OF PHOSPHORUS UPTAKE 
BY ALUM SLUDGE IN BATCH REACTORS 
c b.C/fjt 
(mg-P/l) (mg/1-d) 
100 - 0 
95.5 -1300 
85.7 - 257.4 
74.7 - 52.5 
59.3 - 20.6 
46.2 - 6 .. 5 
34.3 - 3.0 
32.5 - 0.6 
Sorption isotherms were developed by determining the total 
phosphorus uptake after seven days contact time in batch reac-
tors. Two sets of reactors containing 400 ml phosphorus solution 
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were dosed with oven-dry aJ.um sludge. Each of a set of seven reac-
tors containing phosphorus solutions of various concentrations 
received an alum dose of 2500 mg/l. A second set of six reactors 
each containing a phosphorus solution of 4.5 mg-P/l were dosed 
with various amotmts of alum sludge. The concentration of phos-
phorus in each reactor was determined after seven days contact 
time. The final phosphorus concentrations, CF, as well as the 
phosphorus retention ratios in milligrams phosphnrus r iemov,ed per 
milligram sludge for reactors with vari.ous initial phosphorus con-













PHOSPHORUS REMOVAL AFTER SEVEN DAYS 
CONTACT WITH ALUM SLUDGE 
UNDER AEROBIC CONDITIONS 



















B. Initial Phosphorus, Co = 4. 5 mg/l; various M 
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The potential for the alum sludge to release phosphorus into 
solution at the pH range from 5-8 was evaluated in 200 ml batch 
reactors dosed with 5 g dry sludge. The dissolved orthophosphorus 
concentrations were determined as given in Table 6. Phosphorus 
concentrati.ons shown in Table 6 are averages of two sets of reac-
tors measured at each time interval. The percent phosphorus re-







AVERAGE PHOSPHORUS RELEASED BY 
OVE~1-DRY ALUM-BASED SLUDGE AT VAR.I OUS pH's 
UNDER AEROBIC CONDITIONS 
Average p Release After Contact Time 
6 hr 1 day 3 
mg/l % m.g/l % mg/l 
.030 • 34 .030 • 34 • 026 
.039 .44 .029 .33 • 020 






Similarly, orthophosphorus release by wet alum sludge was deter-
mined after 6 hours with deionized water in three reactors at 
each pH, as presented in Table 7. 
Heavy metal release by the oven-dry alum sludge at pE 5, 6.5 
and 8 was also measured. The concentrations of Al, Fe, Cr, Mn, 
Pb, Zn, Cr, Ni and Cd in solution afte r three days contact time 
is given in Table 8. Values given for pH 6. 5 and pH 8 are aver-







AVERAGE ORTHOPHOSPHORUS RELEASE BY WET 
ALUM SLUDGE AFTER 6 HOURS AT VARIOUS pH' ,s 
UNDER AEROBIC CONDITIONS 
Number of p Released p 
Observations mg-P/l SD 
3 .008 .003 
3 .012. .002 







AVERAGE METAL RELEASE BY OVEN-DRY .ALUM SLUDGE 
IN pH RANGE 5-8 UNDER AEROBIC CONDITIONS 
Average Concentration. mg/l 
Metal pH = 5 pH = 6.5 pH = 8 
I 
Al 3.80 1.21 3. 85 
Fe .488 . 313 .211 
Cr .076 .070 ! .052 
Mn .948 .447 .114 
Pb .605 • 424 .214 
Zn .126 .035 .016 
I 
Cu . 610 .512 .457 
Ni .052 .040 .023 
Cd .001 i .002 .001 
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one reactor. The concentrations of all metals except Al and Cd 
were highest at pH 5 and decreased with increasing pH. Aluminum 
concentrations averaged L 21 mg-Al per liter at pH 6. 5 and in-
ereased to 3.80 and 3.85 mg-Al/l at pH values of 5.0 and 8.0, 
respectively. Cadmium concentrations were very low and averaged 
1 to 2 µg/1. 
Benthic Populations 
The benthic populations of Lakes Eola, Jessup and Lee were 
surveyed during the course of the laboratory impact study. Lake 
Eola was found to contain scud, leeches, tubifex worms and Dip-
teran ~dge Jarv;:ie= T. k P Jessup was found to contain only tubifex 
worms and Dipteran midge larvae; Lake Lee sediments contained 
tubifex worms and Dipteran midge 1arvae, as well as mayfly larvae 
(Ephemeroptera), as shown in Table 9. Benthic populations were 
found to vary with sample date. During the course of the exper-
iment, benthic organisms became scarce in deep Lake Eola sediments. 
On May 6, 1981, six (1-1/2 ft 2 or 0.14 m2 ) Ekman grabs were taken 
in 6.0 meters of water and contained only one midge larva (7/m2 ) 
and 13 tubifex worms (93/m2 ). 
Aquarium Studies 
Three separate aquarium studies were conducted to determine 
the effects of alum sludge applications on survival of benthic 
organisms and to evaluate the potential for heavy metal accumula-

































































































































































































































































































































































































































































oxygen (DO), turbidity, phosphorus and heavy metal concentrations 
in the aqµariums were determined. Also, the surviving benthic 
populations of test and control aquariums were determined and 
statistically analyzed. The organisms were then cleaned, oven-
dried and digested for determination of heavy· met al concentrations. 
Dosages of 150 and 860 grams oven-dry sludge per sqllar.e me-
ter were not found to have any substantial effects on the pH in 
the aquariums. As shown in Figure 5 , the average pH ranged from 
7.39-8.03, 7.73-7.91 and 7.63-8.16 for contrcls, 150 g/rr..2 and 
2 860 g/m sludge dosage, respectively, in aquariums containing 
deep sediments. 'TILose containing shallow Lake Eola sediments 
had similar pH values. Average pH ranged from 7.56-7.93, 7.77-
7.95 and 7.75-8.06 for controls, 150 g/m
2
, and 860 g/m2 sludge 
doses, respectively. 
Dissolved oxygen levels were similar in both control and 
test aquariums and showed little change and no trends during the 
course of the experiments. Average DO levels in control aquariums 
and those dosed with 150 or 860 g sludge/m2 are given in Table 
10. The DO in each aquarium was measured at 2-3 day intervals. 
Turbidity levels for aquariums dosed with 860 g/m2 and 
their controls are show-n in Figure 6 • The high initial turbidity 
was caused during the filling operation when the sediments were 
stirred up. The turbidity of all th.e aquariums decreased during 
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Fig. 5. Variation of pH in aquariums containing sediments 
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Fig .. 6. Variation of turbid.ity in aquariums containing 
sediments from diff.erent depths in Lake Eola with and without 
alum sludge addition 
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TABLE 10 
AVERAGE DISSOLVED OXYGEN CONCENTRATIONS IN CONTROL 
AND TEST AQUARIUMS WITH LAKE EOLA SEDIMENTS 
Sediment Number of DO SD 
Type 
s;udge Dose 
(g/m dry we.ight) Measurements (mg/l) (mg/l) 
Sandy Control 36 5.6 0.42 
150 22 5.6 0.27 
Organic Control 36 6.1 0.44 
150 36 6.1 o. 34 
Sandy Control 27 6.1 o. 36 
860 36 6.0 0.23 
Organic Control 44 6.3 0.75 
860 44 6.5 0.69 
however, both test and control aquariums approached the same min-
imum level of approximately 2 NTU. Figure 6 showed that t ur-
·vidity in aquariums containing deep sediments not dosed with alum 
sludge remained higher than other aquariums throughout ;he exper-
irnent. 
Aquariums containing organic (6.0 m) Lake Lee sediments 
were dosed with 490 grams alum sludge per square meter (dry weight). 
Changes in phosphorus and heavy metal concentrations with time in 
test and control aquariums were measured. As given in Table 11, 
dissolved orthophosphorus and total phosphorus concentrations be-
fore sludge addition aver&ged 0.36 and 0.591 mg-P/l, respectively. 
One hour after addition of the sludge, dissolved orthophosphorus 
58 
concentrations averaged 0.373 mg-P/l and total phosphorus had 
increased to 1.23 mg/l. Th.ese are averages of measured concen-
trations in four aquariwns in each set. Total and dissolved ortho-
phosphorus concentrations were initially increased by sludge addi-
tion. However, eleven days after dosage, the test aquariums had 









AVERAGE PHOSPHORUS CONCENTRATIONS 
























Heavy metal concentrations were measured at the same time 
intervals as phosphorus concentrations. The metals measured 
were Al, Fe, Cr, Pb, Zn, Cu, and Cd. The average concentrations 
of four aquariums in each set are given in Table 12. Cadmium 
was tmdetected in test and control aquariums. The sludge addi-
tions did not greatly affect concentrations of Al, Cr, Zn or Cu. 
Iron concentrations were reduced by sludge addition. A£ter 20 































































































































































































































































































































































































































and test aquariums respectively. Lead concentrations increased 
from 0.03-0.07 mg-Pb/l one hour after addition of the sludge. 
After 22 days, 1ead concentrations averaged 0.03 and 0.05 mg-Pb/1 
in control and test aquariums, respectively. 
The effect of alum sludge applications on benthic survival 
was determined by comparing populations in test and contro1 
aquariums. Average populations, along with the probability that 
differences between test and control aquariums are due to chance, 
are given in Tables 13 and 14 for Lake Eola and Lake. Lee sediments, 
respectively. The most notable impact was the reduction of scud 
populations in Lake Eola sediments from 1223 to 386 organisms per 
2 square meter when exposed to 860 grams of oven dry sludge/m for 
30 days. This same dosage caused average Dipteran larvae popula-
tions to decrease from 40 tc 21 organi.sms per square meter. No 
substantial reductions in populations occurred at lower sludge 
doses. Also, tubifex populations were not affected at any sludge 
dose. 
The heavy metal content of the benthic organisms exposed to 
490 and 860 grams of sludge per square meter is show-n in Table 
15. Due to 1ow biomass involved, organisms of each type were 
separated on the basis of treatment without differentiating be-
tween sediment types. In most cases, heavy metal contents of the 
organism were not substantially affected by exposure to the sludge. 
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of all metals measured when obtained from test aquariums. Copper 
concentrations in scud and midges were much higher in organisms 
exposed to 860 g/m2 sludge than in controls. Scud and midges 
from treated (860 g/m2 ) aquariums contained 2572 and 7968 micro-
grams copper per gram organism (dry weight), respectively. How-
ever, scud and midges from control aquariums were found to contain 
only 48.9 and 92.4 micrograms copper per gram, respectively. 
CHAPTER V 
DISCUSSION 
Previously presented results will be statistically analyzed 
and discussed in this chapter. The ability of the alum-based 
water treatment plant sludge to minimize anaerobic release of 
phosphorus from lake sediments will be evaluated. This discussion 
will include analysis of mechanisms of sorption and release of 
phosphorus by the sludge as well as impacts on benthic organisms. 
Field Studies 
Phosphorus concentrations were found to be lower in isolation 
chambers dosed with alum sludge than in control chambers. Filter-
able orthophosphorus and total phosphorus release in the control 
isolation chambers in Lakes Eola and Jessup are presented in de-
tail in Yousef et al. (1981). The cumulative orthophosphorus 
released was 78 and 805 mg P/m2 for Lakes Eola and Jessup, re-
spectively. The study was conducted for 140 days in Lake Eola 
and 62 days in Lake Jessup. Phosphorus release from Lake Jessup 
sediments was approximately ten times that from Lake Eola sedi-
ments. Lake Jessup sediments contained 90.7% moisture and 33.7% 
of the oven-dried solids were lost on ignition (Yousef 1978). 
Lake Eola sediments contained 23% moisture and 4 . 0% of the oven-
65 
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dried solids were lost on ignition. The phosphorus released under 
anoxic conditions appeared to be related to the organic content 
of the sediments. Marshall (1980) demonstrated that the extent 
and rate of phosphorus release from bottom sediments at three 
sites in Lake Eola was proportional to the organic content as de-
termined by percent loss on ignition or organic content. 
The maximum rate of orthophosphorus released during the study 
period was 2.7 and 32 mg-P/m2/day and the total phosphorus released 
was 2.8 and 29.6 mg-P/m2 /day for Lakes Eola and Jessup, respec-
tively. The average rate of orthophosphorus release was 0.8 and 
13 mg/m2 /day for Lakes Eola and Jessup, respectively. The ex-
tent and rate of phosphorus release from Lake Jessup sediments 
was much higher than from Lake Eola sediments. 
Modeling of Sediment-Phosphorus Release 
The release of filterable orthophosphorus with incubation 
time under anaerobic conditions inside isolation chambers was 
found to fit a linear relationship on a log-log scale. Equations 
1 and 2 describe phosphorus release from Lakes Eola and Jessup 
with correlation coefficients of 0.97 and 0.94, respectively, 
as shown in Figure 7. 
where: 
R = 9.7 t
0
· 5 
R = 29.6 t 0 · 82 
R = filterable orthophosphorus released, mg/m2 
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Fig. 7. Variation of orthophosphorus released from lak e 
bottom sediments with incubation time under anaerobic environment 
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The constants are higher in Equation 2 for Lake Jessup than in 
Equation 1 for Lake Eola. These constants reflect the character-
istics of the bottom sediments and the ability to release phos-
phorus. Similar relationships were developed for three different 
locations in Lake Eola (Marshall 1980). Dissolved reactive phos-
phorus in sediment interstitial waters and, correspondingly, dis-
solved phosphorus above the interface will depend on sediment 
characteristics (Holdren and Armstrong 1977). 
In deriving Equations 1 and 2, the incubation period, t, in-
cluded a period of less than 7 days for Lake Eola and less than 
two days for Lake Jessup isolation chambers to reach anoxic condi-
tions. Determination of the exact incubation time for initiation 
of phosphorus release inside the isolation chambers was beyond 
the scope of this study. However, average daily rate of phos-
phorus release over a selected period of anoxic conditions can 
be estimated for both Lake Eola and Lake Jessup. 
Optimum Dosage 
The economic evaluation of inactivant treatment along with 
its success will depend on the magnitude of the optimum dosage of 
sludge, proximity of the sludge source from the lake to be treated, 
sludge characteristics, and development of a simplified and 
cost effective method for spreading sludge into the lake. Ex-
periments were designed to determine the optimum dosage of wet 
alum sludge to save on drying expenses, even though transportation 
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expenses may be relatively high. Results ,on the impact of var-
ious dosages on phosphorus release from Lake Jessup were presented 
in the previous chapter. 
Changes in soluble orthophosphorus released from Lake Jessup 
bottom sediments treated with various concentrations of alum-
based water treatment sludge from the Tampa plant under an anaero-
bic environment for two months are presented in .Figure 8. The 
orthophosphorus released is calculated by multiplying the dif-
ference between the initial phosphorus concentration in the water 
column beneath the isolation chamber and the maximum concentration 
reached during the .study period times the water volume of the 
isolated column and divided by the bottom sediment area. It 
was found that zero phosphorus release occurred with a sludge dosage 
of approximately 175 g of wet sludge (89% moisture) inside the 
chamber. This is equivalent to approximately 130 mg oven-dry sludge 
per liter or 700 pounds oven-dry sludge per acre of bottom sedi-
ments. Above these dosages, not only was t.he release of ortho-
phosphorus from bottom sediments inhibited, but the initial 
orthophosphorus content of the overlying water column was reduced. 
To normalize the sludge dosage, a graph was constructed on 
a log-log scale betwe,en the orthophosphorus retention ratio (ORR) 
and alum sludge dosage.. The ORR was calculated as the amount of 
orthophosphorus retained in mg-P/m2 during the study pe.riod 




































uo 220 330 440 
WET ALUM SLUDGE DOSAGE (grams) 
Fig. 8. Effect of alum sludge dosage on release of ortho-
phosphorus from Lake Jessup sediments under anaerobic conditions 
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of bottom sediment treated. The maximum retained orthophosphorus 
reflects the difference betw~en orthophosphorus in the control 
station and orthophosphorus concentration in the treated isola-
tion chamber at the end of 62 days of incubation. The relation-
ship between ORR and alum sludge was re.presented by equation 3: 
q = 162.9 M-0 · 86 (3) 
where: 
q orthophosphorus retention ratio 
M = sludge dosage, mg/m2 
The correlation coefficient was equal to -1.0,. as shown in Figure 
9 . It should be realized that the sludge utilized in field 
studies contained 89% moisture. This curve should serve as a 
starting point toward estimating optimum sludge dosage needed to 
inhibit selected release quantit.ies of orthophosphorus. 
Heavy Metal Release 
Computer programs were utiliz.ed to analyze differences be-
tween heavy metal concentrations in water samples collected from 
the open lake and those from inside the isolation chambers (Yousef 
et al. 1981). Most of the data from Lakes Eola and Jessup showed 
no significant differences except for chromium and calcium con-
centrations. The probability due to chance for those two ele-
ments are generally less than 10%,. Chromium concentrations were 
higher in the open lake outside the chambers incubated in Lake 
Eola than concentrations inside the chambers treated with alum 
72 
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Fig. 9. Phosphorus retention b y various sludge dosages 
in Lake Jessup isolation chambers. 
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sludge. This may be true due to anoxic conditions inside the cham-
bers which results in ch.a?ge of oxidation state for chromium and 
thus affects i .ts solubility. Calcium concentrations inside the 
incubation chambers are generally higher than conc·entrations in 
the open .lake. The release of calcium into the isolated hotly of 
water inside isolation chambers may be associated with the release 
of phosphorus under · anoxic conditions. 
The· results generall.y indicate that variations in heavy me-
tals in water samples from inside incubation chambers treated with 
alum sludge inactivants are insignificant and there is no sigp.i-
ficant release from the sludge to the water environment. 
Phosphorus Sorpt:i,on 
The data collected from two s 1eparate .2 liter batch reactors 
showed that the average rate of orthophosphorus uptake, 11c/At, 
decreased geometrically with contact time, t, lllltil a quasi equil-
ibrium was approached. Batch reactors containing an initial ortho-
phosphorus concentration (Cl) of 100 mg P /1 approached an equili-
brium concentration (Ce) of approximately 30 mg/l, as shown in 
Figure 10. Assuming a first order uptake, the differential rate 
equation can be written as: 
de 
dt = k (Ct - Ce) (4) 
where: 
k = rate constant 























































































































which upon integration yields Equation 5 (Leven Spiel 1962): 
ln Ct - Ce = -kt 
Co - Ce 
(5) 
The uptake of orth.ophosphorus by the alum sludge can be described 
by Equation 5 when the rate constant, k, equals . 32 with a correla-
tion coeffici.ent of . 98. Uptake rates determined by Equation 5 
Il:eglect sl_ight changes in sludge concentration in the reactor as 
measurement:. A small portion of less than 0 •. 05 g sludge was re-
moved during sampling process. The. rate of phosphorus uptake after 
seven days was only 0. 2% of the rate during the first 5 minutes. 
Therefore, the concentration of phosphorus in the batch reactors 
after 7 days, CF, was assumed to approximate equilibrium condi-
tions. 
The sorption capacity of the sludge for phosphorus was found 
to be dependent on the concentration of phosphorus in solution. 
As the phosphorus concentration increased, the uptake values for 
phosphorus by the sludge were also increased, as shown in Figure 
11. The amount of phosphorus which was removed from solution by 
the sludge approached a maximum of approximately 0.110 mg-P/mg 
oven dry sludge for a solution having an initial concentration 

























































































































































Phosphorus removal in batch reactors after 7 days contact 
time was described by both Freundlich and Langmuir isotherms. 
The Freundlich relationship given in equation 6 had a correlation 
coefficient of 0.94 for thirteen measurements. The Langmuir re-
lationship is given in equation 7 and was also found to have a 
correlation coefficient of 0.94 for thirteen measurements. 
(6) 
= 8.013 x 10-3 CF 
q 1 + 0.1014 CF (7) 
where: 
q = mg P removed per mg oven-dry sludge 
CF = final phosphorus concentration, mg/l 
These Freundlich and Langmuir isotherms are presented graphically 
in Figures 12 and 13, respectively. 
The relationship between phosphorus uptake (q) and sludge 
dosage (M) was also evaluated and is represented by equation 8. 
The correlation coefficient was -0.94, based on six sludge doses 
as shown in Figure 14. 
q = 0.17 M-O.SS ( 8) 
where: 
M = dosage in mg oven dry sludge/liter 
Phosphorus retention ratios predicted by batch studies have 
been compared to those obtained in anaerobic isolation chambers 

















































































































































































































































































































































































































































































































































































studies, as wel.l as the orthophosphorus retention ratios predicted 
by batch study Equation 8, ar·e presented in Table 16. 
As can be seen from Figure 15, phosphorus uptake by alum 
sludge in batch studies was .found to approximate the uptake data 
obtained in Lake Jessup isolation chambers. The ratio between 
orthophosphorus uptake in the lake and predicted values from batch 
experiments varied between 1. 5 and 0. 7 by increasing the sludge 
dosage between 20 and 320 mg oven-dry sludge/liter. From the data 
presented, it appeared that 90 mg/l sludge dosage would have been 
suffici·ent to prevent phosphorus release in Lake Jessup and this 
dosage could be predicted in advance from batch experiments. It 
is interesting to find this close agreement between sludge dosage 
utilized in Lake Jessup and those used in the laboratory to retain 
a specified amount of phosphorus. The proximity of the predicted 
and actual optimum sludge doses is surprising considering the 
di .f£erences between batch and lake studies. The batch studies 
understandably required smaller sludge doses than lake studies 
since the constant agitation and aerobic conditions would favor 
phosphorus sorption. Also, the initia1 phosphorus concentration 
in the batch study was 4.5 mg-P/l . co:mpared to a maximum concentra-
tion of L 57 mg-P /1 in Lake Jessup control isolation chambers. 
As was pr·evi.ously noted (Equations 6 and 7) ~, phosphorus uptake 











































































































































































































































































































































































































































































































































































































































Since phosphorus sorption can be caused by precipitation 
with surface-bound Al and Fe ions (Hsu 1964; Fiskell and Mansel 
19'75), it may conform to the pH solubility diagrams for FeP04 
and AlPO 
4
• The potential for the alum-bas ,ed sludge to release 
orthophosphorus with pH changes between 5-8 was evaluated in 
laboratory batch reactors. As shown in Tables 6 and 7, very 
little phosphorus was released into solution at an.y of the pH's 
tested. The fraction of the phosphorus present in the sludge 
which was released into solution was calculated based on an oven 
dry sludge phosphorus concentration of 0.351 mg-P/g sludge. It 
was noticed that phosphorus release by the oven dry sludge de-
creased with increased contact time. This suggests that phosphorus 
:initially released may be readsorbed by the sludge. Further, 
phosphorus release was similar for both oven dry and wet sludge. 
Heavy metal release by the alum sludge was found to be de-
pendent on the pH in batch reactors (Table 8) ., With the 1excep-
tion of aluminum, all heavy metals analyzed were found in higher 
concentrations at lower pH levels. This trend was expected since 
heavy metal solubility generally increases with increasing acid-
ity (Epstein and Chaney 1978). The concentration of aluminum 
in the reactors after three days was found to be lowest at pH 
6.5. Average aluminum concentrations ranged from 3.80 to 1 .. 21 
to 3.85 mg-Al/l for pH values of 5.0, 6.5 and 8.0, respectively. 
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This distribution conforms to t.he solubility curve for aluminum 
phosphate• Howeve:r, as previously discussed, no pH-
dependent phosphorus release was found to coincide with the releas,e 
of aluminum by the sludge. The concentrations of all metals mea-
sured were within existing EPA criteria for freshwater organ-
isms (EPA Redhook 1976b). 
Benthic Communities 
Although no attempt was made to obtain comprehensive data 
on bent.hie community structures of the lakes studied, general 
distribution patterns were observed. Sandy shallow (less than 
4 m) sediments in Lake Eola and Lake Lee were generally inhabited 
by organisms considered intolerant of polluted conditions. Lit-
toral zones of Lake Eola were dominated by scud with populations 
of approximately 1800/m2 (Table 9). As has been observed by 
other investigators (Cooper 1965), these organisms had a high 
degree of association with the aquatic plant Chara, which is 
abundant in Lake Eola. Also, these small (2-8 mm) freshwater 
amphipods are gill-breathers and sensitive to low dissolved oxy-
gen levels. Sandy Lake Lee sediments contained approximately 
80 mayfly larvae (Ephemeroptera) per square meter (Table 9). 
Although some mayfly species can toll,erate dissolved oxygen 
below 4 ppm (Roback 1974), these gill-breathing aquatic insects 
are generally considered to be sensitive to organic pollution 
(Britt 1955). 
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Pollution-tolerant organisms such as tubifex worms, Dipteran 
midge larvae, and leeches were also found in sandy shallow re-
gions of Lakes Eola and Lee. However, pollution-sensitive organ-
isms were absent from deep (6. 0 m) organic. sediments of these 
lakes. Simi.larly, the organic sediments of Lake Jessup were de-
void of pollution-sensitive organisms. The. only organisms 
found in these stressed habitats were tub.ifex worms and Dipteran 
midge larvae (Chironomidae and Culicidae). As previously noted, 
these organisms are able to survive at low dissolved oxygen con-
ditions due to respiratory adaptations such as hemoglobin (Tubi-
fex and Chironomidae) or by diurnal vertical migration (Calici-
dae). 
Aquarium Studies 
Impacts of the alum-bas,ed sludge on benthic organisms were 
evaluated in laboratory aquar .iums as described in Chapter III. 
As previously presented, Lake Jessup dosage studies revealed 
that applications of approximately 78 grams dry sludge per square 
meter (130 mg/l) were sufficient to prevent sediment-phosphorus 
r ,elease under anaerobic conditions. There£ ore, to determine the 
effects of extreme conditions on benthic survival, aquarium 
sludge doses ranged from 150-860 grams dry sludge per square me-
ter. 
The sludge was not found to have any significant effect on 
the pH of the aquariums which ranged from approximately 7.5-8.0 
in both controls and those treated with sludge (Figure 5). 
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Dissolved oxygen levels of the aquariums (Table 10) were 
expected to decrease during the course of the experiments since 
no aeration was applied. However, any oxygen uptake was evidently 
counteracted by surf ace diffusion which was probably enhanced by 
photosynthetic activity. 
Addition of the sludge to the aquariums greatly reduced 
turbidity (Figure 6). Initial filling of the aquariums caused 
re-suspension of sediment particulate matter. Addition of the 
sludge slurry reduced the turbidity. Although sludge additions 
can be expected to increase turbidity in natural and undisturbed 
systems, this study demonstrated that such increases will be 
temporary. 
Phosphorus and heavy metal concentrations in aquariums con-
taining Lake Lee sediments were measured before and after addi-
tion of 490 grams dry alum sludge per square meter (Tables 11 and 
12). Total and orthophosphorus concentrations averaged 0.519 and 
0.035 mg-P/l, respectively, before sludge dosage. One hour af-
ter sludge addition, total phosphorus was measured at 1.23 mg-P/ l 
while orthophosphorus concentrations had increased to an aver-
age of 0.373 mg-P/l. Undisturbed Lake Lee total and orthophos-
phorus concentrations were both 0.015 mg-P/l for the water added 
to the aquariums. Therefore, high aquarium phosphorus concen-
trations, before and after sludge additions, can be attributed 
to the high levels of turbidity. Although sludge addition 
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resulted in an immediate increase in phosphorus concentrations, 
this was a temporary phenomenon with test aquariums having lower 
phosphorus concentrations than controls by 11 days after dosing 
(Table 11). 
The concentrations of the heavy metals Cd, Zn, Cu, Al, Fe, 
Pb and Cr in unfiltered samples from aquariums dosed with 490 grams 
dry sludge per square meter were also measured (Table 12). Me-
tal concentration followed a trend similar to that of phosphorus. 
Concentrations were initially increased by sludge addition then 
decreased to levels below or equivalent to the controls. The 
constant reduction of metal concentrations in all aquariums sug-
gests that particulate forms were responsible for measured con-
centrations. Heavy metal concentrations in test aquariums were 
substantially lower than those obtained in previously discussed 
desorption studies. 
The impact of the alum-based sludge on benthic organisms was 
determined by comparing surviving populations in test and control 
aquariums (Tables 13 and 14). The ability of organisms to toler-
ate sludge additions generally corresponds to their recognized 
tolerance to pollutants. The most sensitive organisms tested 
were the scud. When compared to the controls, populations of 
scud in aquariums dosed with 150 and 860 grams sludge per square 
meter (dry weight) were reduced 12% and 68%, respectively. The 
probability that these reductions were due to chance was 35.7% 
and 0.1% for doses of 150 and 860 g/m2 , respectively (Table 13). 
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The populations of Dipteran midge larvae were found to be only 
slightly reduced by high sludge doses, with greater than 50% 
survival in aquariums dosed with 860 grams per square meter. The 
alum sludge had the least impact on tubifex worms with no sig-
nificant differences in populations between control and test 
aquariums. 
Although high sludge doses resulted in reduction of scud 
populations, these organisms are not likely to be present in se-
verely eutrophic locations. Since sediment-phosphorus release 
is caused by anaerobic environments in bottom sediments, shallow 
littoral zones, containing sensitive organisms, need not be 
treated. Further, doses shown to be necessary for prevention of 
sediment-phosphorus release were found to cause only minimal 
reductions in scud populations. 
Organisms recovered from the aquariums dosed with 490 and 
860 grams per square meter, as well as their controls, were 
analyzed for content of the heavy metals Cd, Zn, Cu, Al, Fe, Pb 
and Cr (Table 15). Bioaccumulation of most of these metals was 
evidenced by their presence in both test and control organisms. 
Of the organisms studied, tubifex worms were found to have the 
highest concentrations of metals. Tubifex worms were also 
found to concentrate more metals from sediments dosed with alum 
sludge than from control sediments. Some of the observed con-
centrations may simply be due to the feeding habits of the tub i -
ficids which pass sediments through their system to extract 
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nutrients. Although organisms were separated from external de-
bris, gut contents were included in metal analyses. No other 
organisms increased concentrations of all metals examined when 
exposed to the sludge.. However, scud and Dipteran midge larvae 
exhibited substantially higher concentrations of copper when re-
covered from aquariums dosed with 860 grams sludge per square 
meter. At this dose, scud contained 2,572 micrograms Cu per gram 
organism on a oven-dry basis. This was fifty times the 49 µg/g 
measured in control organisms. Similarly, Dipteran midge lar-
vae contained 7,968 µg-Cu/g and 92 µg-Cu/g or an 87-fold increase 
when recovered from test and control aquariums, respectively. 
These bioaccumulation data are based on single samples, however, 
and should be regarded accordingly. Further investigations on 
copper accumulation by scud and Dipteran midge larvae from the 
alum sludge may be warranted. 
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
An alum-based sludge, from the City of Tampa, Hillsborough 
River Water Treatment Plant, was evaluated for its ability to 
inactivate anaerobic sediment-phosphorus release. The ability 
of the sludge to reduce phosphorus release from anaerobic lake 
sediments was studied in lake isolation chambers. Data from 
field studies were compared with data from laboratory batch stu-
dies used to determine the rate and extent of phosphorus uptake 
and retention by the alum sludge. Further, the impact of the 
sludge on benthic organisms was evaluated in laboratory aquariums. 
The biological impact study included the effect of the sludge on 
benthic survival and bioaccumulation of heavy metals. From the 
results obtained in this research, the following conclusions 
were reached: 
1. Water treatment plant alum sludge was effective in 
phosphorus uptake and retention from the surrounding environment 
in lake experiments. 
2. Phosphorus uptake by sludge was a function of contact 
time, sh.~dge dosage and phosphorus. concentration. Initial high 
rate of uptake was followed by much. slower rates lIDtil quasi 
equilibrium was reached. 
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3. The calculated orthophosphorus release from the bottom 
sediments correlated with incubation period as follows: 
where: 
2 qa = orthophosphorus relea.Sed (mg-P/m ) 
t = incubation period (days) 
A =constant value equal to 29.6 and 9.7 for Lakes 
Jessup and Eola, respectively 
B = constant value equal to 0.82 and 0.5 for Lakes 
Jessup and Eola, respectively 
4. The orthophosphorus and total phosphorus released from 
bottom sediments to rh~ contained lake water colunm. inside the 
isolation chambers placed in Lake Jessup and treated with various 
dosages of alum sludge decreased with increasing the sludge dosage. 
In some cases, the sludge inhibited the release of phosphorus 
from the bottom sediments and also reduced the phosphorus con-
tent in the overlying water colUJilll. 
5. The phosphorus retention in Lake Jessup isolation cham-
bers correlated with applied oven dry alum sludge dosage as fol-
lows: 
q = 162.9 M-0 • 86 , n = 5 and r = -1.0 
where: 
mg-P/m 
q = orthophosphorus retention ratio, mg sludge/mZ 
M = alum sludge dosage, mg oven dry sludge/m2 
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6. Phosphorus uptake by the alum-based sludge in batch 
reactors was described by Freundlich and Langmuir isotherms as 
follows: 
Frenndlich: -3 CF 
0.41 13 and 4 0.94 q = 6.57 x 10 ~ n = = 
Langmuir: 8.013 x 
lo-3 CF 13 and 0.94 q = n = r = 1 + 0.1014 CF ' 
where: 
q = mg P removed per mg sludge 
CF= final phosphorus concentration, mg-P/1 
7. In batch reactors phosphorus uptake varied with sludge 
dosage as follows: 
q = 0.17 M-0 •55 , n = 6 and r = -0.94 
where: 
M = sludge dosage in mg dry sludge/liter 
8. Batch studies could be utilized to determine the required 
sludge dosage to retain specific amounts of phosphorus. Dosages 
applied to Lake Jessup bottom sediments retained phosphorus quan-
tities comparable to values predicted from batch experiments. 
9. Less than 0.5% of the phosphorus content of the alum 
sludge was released into solution by agitation of the sludge 
and deionized water over the pH. range from 5 to 8. 
10. The data does not suggest the release of heavy metals 
from the alum sludge to the overlying water in either laboratory 
or lake studies. 
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11. Deep organic sediments of Lake Eo1a, Jessup and Lee con-
tained pollution-tolerant organisms such. as tubifex worms and 
Dipteran midge larvae. Pollution-sensitive organisms such as scud 
and Mayfly larvae were found only in shallow litoral areas of 
Lakes Eola and Lee. 
12. The sensitivity of benthic organisms to the alum sludge 
corresponded to their generally accepted tolerance to pollutants. 
In aquarium studies, alum sludge doses of 860 g/m2 (dry weight) 
reduced scud populations by 68% and Dipteran midge populations by 
nearly 50%. Other organisms were affected to lesser degrees or 
not at all. Lower sludge doses had little impact or no impact 
on benthic survival. 
13. Concentrations of all metals examined were found in 
higher concentrations in tubifex worms exposed to alum sludge 
than in those from control aquariums. Except for copper accumu-
lation by scud and Dipteran midge larvae, no other heavy metal 
accumulation could be attributed to exposure to the sludge. 
The process of using alum sludge for phosphorus inactivation 
in bottom sediments of eutrophic lakes appears to be feasible 
and warrants further study. Specifically, it is reconnnended 
that a full-scale test be performed on a small isolated lake or 
pond to evaluate biol.ogical, chemical and physical impacts and 
interactions on a natural system. Various sites should be inves-
tigated to develop optimum sludge dosages for different sediment 
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characteristics. Full-scale studies should include bioassays 
to determine effects on sediment-associated microorganisms and, 
to evaluate the );Dtential for biological impacts due to the pre-
sence of suspended particulates for limited periods after alum 
sludge applications. Should required dosages prove to be harmful 
to zooplankton or fish, staged applications may be considered. 
Further, full-scale studies will provide large benthic popula-
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